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Abstract
The Policy Research Working Paper Series disseminates the findings of work in progress to encourage the exchange of ideas about development 
issues. An objective of the series is to get the findings out quickly, even if the presentations are less than fully polished. The papers carry the 
names of the authors and should be cited accordingly. The findings, interpretations, and conclusions expressed in this paper are entirely those 
of the authors. They do not necessarily represent the views of the International Bank for Reconstruction and Development/World Bank and 
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Policy Research Working Paper 5280
This paper integrates information on climate change, 
hydrodynamic models, and geographic overlays to assess 
the vulnerability of coastal areas in Bangladesh to larger 
storm surges and sea-level rise by 2050. The approach 
identifies polders (diked areas), coastal populations, 
settlements, infrastructure, and economic activity at risk 
of inundation, and estimates the cost of damage versus 
the cost of several adaptation measures. A 27-centimeter 
sea-level rise and 10 percent intensification of wind 
speed from global warming suggests the vulnerable 
zone increases in size by 69 percent given a +3-meter 
inundation depth and by 14 percent given a +1-meter 
inundation depth. At present, Bangladesh has 123 
polders, an early warning and evacuation system, and 
more than 2,400 emergency shelters to protect coastal 
This paper—a product of the Environment and Energy Team, Development Research Group—is part of a larger effort in 
the World Bank to understand potential impacts of climate change and adaptation cost. Policy Research Working Papers 
are also posted on the Web at http://econ.worldbank.org. The author may be contacted at sdasgupta@worldbank.org.  
inhabitants from tidal waves and storm surges. However, 
in a changing climate, it is estimated that 59 of the 123 
polders would be overtopped during storm surges and 
another 5,500 cyclone shelters (each with the capacity 
of 1,600 people) to safeguard the population would be 
needed. Investments including strengthening polders, 
foreshore afforestation, additional multi-purpose 
cyclone shelters, cyclone-resistant private housing, 
and further strengthening of the early warning and 
evacuation system would cost more than $2.4 billion 
with an annual recurrent cost of more than $50 million. 
However, a conservative damage estimate suggests that 
the incremental cost of adapting to these climate change 
related risks by 2050 is small compared with the potential 















































The  scientific  evidence  indicates  that  increased  sea  surface  temperature  will  intensify 
cyclone  activity  and  heighten  storm  surges.
8,9  These  surges






12  in  the  Irrawady  delta  of  Myanmar  (May  2008)  provide  recent  examples  of 
devastating storm‐surge impacts in developing countries.  
Some  recent  scientific  studies  suggest  that  increases  in  the  frequency  and  intensity  of 
tropical cyclones in the last 35 years can be attributed in part to global climate change 
(Emanuel 2005; Webster et al. 2005; Bengtsson, Rogers, and Roeckner 2006).  Others have 
challenged  this  conclusion;  citing  problems  with  data  reliability,  regional  variability,  and 






























200  years,  2.6  million  people  may  have  drowned  during  surge  events  (Nicholls  2003).  
Although significant adaptation has occurred over time, and many lives have been saved by 




losses.  The  need  for  disaster  preparedness  along  vulnerable  coastlines  is  especially 
pronounced in countries where concurrent scientific projections point towards more intense 
cyclones  in  a  changing  climate.  However,  setting  a  new  course  requires  better 
understanding  of  expected  changes  in  storm  surge  patterns  in  the  future,  associated 
damages and adaptation costs.    
Currently,  systematic  studies  of  storm  surge  patterns  in  the  future,  location‐specific 
potential damage and adaptation alternatives are scarce in developing countries.  Analytical 
work  to  date  has  been  confined  to  relatively  limited  sets  of  locations,  impacts  and 




























































































































































education  institutions,  growth  centers,  mills/  factories  (large  scale),  national  highways, 
regional highways, feeder roads‐type A, feeder roads‐type B, bridges, power plants, power 
transmission  lines,  deep  tubewells,  mosques,  temples,  historical  places  and  tourist 
destinations. Relevant exposure surface dataset for land area, population, poverty map, and 
agriculture extent were also used.  Exposure surface data were collected from various public 
sources,  such  as  Bangladesh  Railways,  Bangladesh  Water  Development  Board,  Local 









multiplying  the  exposure  surface




25 Population density of the lowest administrative unit, Thana, has been used in the computation. Presently,  our  estimates  indicate  that  8.06  million  inhabitants  in  coastal  Bangladesh are 
vulnerable  to  storm  surge  related  inundation  depth  of  more  than  1m;  the  number  will 
increase 68% with population growth by 2050 even without climate change, and by 110 % by 











b.  Experience  of  Bangladesh  during  the  most  recent  devastating  cyclone  Sidr  in 
2007.
26 (The extent of storm surge inundation during Sidr was 8.7% more than an 
average  inundated  area  of  a  historical  10  year  return  period  cyclone  of 
Bangladesh.
27 Accordingly, adjustment was made in computation of damage);  

































to  reduced  fatality  and  injury  risk  from  increased  exposure  without  climate  change,  in 
addition to the additional risk engendered by climate change. 




















To  calculate  the  economic  damages  from  increased  injury  risk,  a  crude  lower‐bound 
estimate based on the WHO figure for cost per outpatient visit at a secondary hospital visit 


























turn  implies  a  significant  reduction  in  housing  damages  and  a  substantial  increase  in 
household asset damages during cyclones over time.  
Projection  of  population  in  coastal  regions  by  2050  without  and  with  climate  change 
indicates that an additional 7.08 million inhabitants (i.e. an additional 1.45 million houses ‐























be  4.42%  by  2050,  (b)  Bangladesh  will  attain  100%  enrollment  in  primary  schools  and  70% 
enrollment in secondary schools  by 2050, which is the current rate of school enrollment of Brazil, 




standard  specification  of  the  LGED,  the  size  of  a  standard  school  in  Bangladesh  is 










































































area  between  2007  and  2050.  The  consumption  of  power  in  Brazil,  Lebanon,  Malaysia, 






















be  the  most  important  factor  responsible  for  polder’s  damage  during  cyclones.
44  






by  2050  without  adaptation.  The  estimates indicate  if  a  10  year return  period  cyclone 
(likely to be more intense than current cyclones with climate change) hits Bangladesh, 
























inundation  depths  projected  for  2050 ‐  with  and  without  climate  change  have  been 


































been estimated that cyclone shelters saved thousands of lives.   cyclone  shelters  is  expected  to  decline  if  polders  are  raised  adequately  and  maintained 
properly, cyclone shelters will still be needed in the following cases:  
a)  a number of smaller yet inhabited islands may turn out to be cost ineffective to be 













role  in  saving  lives  during  cyclones.  In  general,  Bangladesh  Meteorological  Department 
issues  forewarning  for  any  impending  cyclone  and  storm  surge;  newspapers,  television 
channels and radio stations broadcast the warning; and the local government administration 





forecast  of  an  area  likely  to  experience  a  storm  surge  is  usually  over‐estimated  and 
delineated over a large section of the coastal zone, which can lead to unnecessary repetitive 
evacuations  and  loss  of  popular  faith  in  the  early  warning  system.  More  precision  in 








51  Red Cross in Bangladesh required. The Red Crescent Society officials, CPP volunteers and residents of major cyclone 
affected areas also pointed out the urgent need for broadcasting the warnings in the local 
dialects
52  and  the  need  to  raise  awareness  for  the  importance  of  timely  evacuation. 




ways  to  improve  the  cyclone  early  warning  and  evacuation  systems,  and  their 
recommendations on improvement of cyclone modeling, upgrading of equipment, training 





































































































local  Architects  and  Civil  Engineers,  this  analysis  is  recommending  a  revolving  fund  of 






Focus  group  interviews  were  conducted  with  the  experts  of  the  IWM,  Bangladesh 
Meteorological  Department,  the  Red  Crescent  Society  and  residents  of  recent  cyclone‐
affected  areas  on  the  requirements  for  strengthening  the  cyclone  early  warning  and 
evacuation system in Bangladesh.  Experts of the IWM emphasized the need for improved 
location‐specific  inundation  projection;  officials  of  the  Bangladesh  Meteorological 
Department emphasized the need for more accurate forecasting of cyclone landfall location 
and inundation depth; and the officials of the Red Crescent Society, CPP volunteers and 





59  Subsidy  systems  should  always  be  designed  with  caution  so  that  misuse  of  subsidies  can  be 
avoided.  
 For  improvement  in  location‐specific  inundation  projections  (basis  of  forecasting  and 
adaptation planning), the IWM has pointed out the need for the following: 















1.    Modernization of the existing 35 (thirty five) 
observatories of BMD 
6.00 


















techniques. 4.    Modernization of existing workshop and 
laboratory of BMD  
7.00 





















As  strong  structural  protection  measures,  such  as  polders,  are  being  suggested  in  this 
analysis, it reduces the need for making infrastructure (roads, bridges etc.) resilient to storm 
surge related inundation, except in regions where there will not be any full‐scale structural 
protection,  for  example  in  islands  which  are  not  and  will  not  be  protected  by  polders. 
















cyclones,  which  are  typically  frequent  in  Bangladesh,  in  addition  to  the  super  cyclones. 
Comparison of the financial damage and loss projection of $4.257 billion with the estimate 











past.  This  scientific  evidence  points  to  the  need  for  greater  disaster  preparedness  in 
countries vulnerable to storm surges.   
At  present,  systematic  studies  of  storm  surge  patterns  in  the  future,  location‐specific 
potential  damage  and  adaptation  alternatives  are  scarce  in  developing  countries;  this 
research is an attempt to narrow this gap. In this analysis, the vulnerability of coastal areas 
in  Bangladesh,  a  tropical  cyclone hotspot, to  larger storm  surges and  sea‐level  rise in a changing  climate  by  2050  has  been  assessed.  Hydrodynamic  models  have  been  used  to 
delineate future inundation zones and location‐specific inundation depths associated with 
27 cm sea‐level rise and 10 percent intensification of wind speed from global warming. After 
estimating  future  inundation,  geographic  overlays  have  been  used  to  identify  coastal 


















loss  of  $4.560  billion
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More than 1 m  20,876  23,764  + 14% 


























More than 1 m  16.83  28.27  + 68%  35.33  +25% 
















Aman  1,092,645  1,305,028  1.99 
Aus  526,040  618,897  1.69 





































  Investment Cost Investment Cost Annual  Recurrent 
Cost 










































































































































193  6.1  10000  200,000  Loss of livestock: 27,783, 
Destruction of Houses: 568,161, 
5‐7 Vessels capsized . 
1961  May, 9  May 5‐9  Meghna 
estuary 





1963  May, 29  May 28‐29  Noakhali 
Chittagong 




1965  May, 12  May9‐12  Barisal‐ 
Noakhali 






























































135     10,568,860  ‐ 
1991  April, 29  April 25‐30  Noakhali 
Chittagong 








110 3.6 172 250,000  ‐ 
1997  May, 19  May 15‐19  Chittagong/ 
Sitakundu 









  150  3  188  751,529  ‐ 







250  6‐8  2388  8,978,541  Estimated Damage $ 2300 
billion 2009   May 5  May 5‐6  West 
Bengal, 
India 


































Additional AreaAppendix 5 
 
























1  P10‐12  67,400  4  2.5 8.1 0.9 0.1 0.0  1.4 42.9 0.0 53.3 
2  P35/1  61,600  4.5  2.5 8.0 0.9 0.0 0.0  1.3 0.0 32.0 42.2 
3  P35/2  104,600  3  2.5 10.5 1.1 0.1 0.1  2.2 0.0 0.0 14.0 
4  P37  100,100  3.5  2.5 11.0 1.2 0.1 0.1  2.1 0.0 0.0 14.5 
5  P38  39,500  3.5  3.5 6.6 0.7 0.0 0.1  1.2 0.0 0.0 8.6 
6  P39/1  96,200  5  3.5 20.1 2.1 0.1 0.1  2.9 10.3 0.0 35.6 
7  P39/2  109,200  3  3 13.8 1.5 0.1 0.0  2.8 0.0 0.0 18.2 
8  P41/6‐7  95,100  4.5  2.25 10.9 1.2 0.1 0.0  1.8 0.0 0.0 14.0 
9  P42  28,000  4.5  3.5 5.5 0.6 0.0 0.0  0.8 5.1 0.0 12.1 
10  P43/1  113,520  4.5  3.3 20.6 2.2 0.1 0.1  3.2 0.0 0.0 26.2 
11  P43/2  120,600  4.5  3.3 21.9 2.3 0.1 0.1  3.4 0.0 0.0 27.8 
12  P44  83,700  4.5  3 13.5 1.4 0.1 0.0  2.2 10.3 0.0 27.5 
13  P55/2  109,100  0.75  3.4 9.6 1.0 0.1 0.0  3.2 0.0 0.0 13.9 
14 
P63/1A ‐
Battali  38,000  5  3.25 7.3 0.8 0.0 0.0  1.1 0.0 0.0 9.1 
                                    317.0 
























1 P07/1 31,800 4.5 2.5 4.1 0.4 0.0 0.0 0.7 21.4 0.0 26.7
2 P07/2 64,000 4 2.5 7.7 0.8 0.0 0.0 1.4 25.7 0.0 35.6
3P 1 0 ‐12 67,400 4 2.5 8.1 0.9 0.1 0.0 1.4 42.9 0.0 53.3
4P 1 3 ‐14/2 122,400 4.5 2.5 15.9 1.7 0.1 0.0 2.6 0.0 0.0 20.3
5 P23 36,700 4 3 5.5 0.6 0.0 0.0 0.9 21.4 0.0 28.5
6 P31 62,700 4 2.5 7.5 0.8 0.0 0.0 1.3 42.9 0.0 52.6
7 P32 48,800 4 2.5 5.9 0.6 0.0 0.0 1.0 25.7 0.0 33.3
8 P33 51,500 4 2.5 6.2 0.7 0.0 0.0 1.1 25.7 0.0 33.7
9 P35/1 61,600 4.5 4 14.2 1.5 0.1 0.0 2.1 0.0 32.0 49.9
10 P35/2 104,600 3 4 19.3 2.1 0.1 0.1 3.6 0.0 0.0 25.0
11 P35/3 39,700 3 3 5.0 0.5 0.0 0.0 1.0 0.0 0.0 6.6
12 P36/2 87,400 3 3 11.0 1.2 0.1 0.0 2.2 0.0 0.0 14.5
13 P37 100,100 3.5 4.25 21.7 2.3 0.1 0.1 3.6 0.0 0.0 27.8
14 P38 39,500 3.5 4.25 8.6 0.9 0.0 0.1 1.4 0.0 0.0 11.0
15 P39/1 96,200 5 4 23.8 2.5 0.1 0.1 3.3 10.3 0.0 40.0
16 P39/2 109,200 3 4.75 25.4 2.7 0.1 0.0 4.4 0.0 0.0 32.7
17 P41/6‐7 95,100 4.5 2.5 12.3 1.3 0.1 0.0 2.0 0.0 0.0 15.8
18 P42 28,000 4.5 4.75 8.1 0.9 0.0 0.0 1.1 5.1 0.0 15.3
19 P43/1 113,520 4.5 3.5 22.2 2.4 0.1 0.1 3.4 0.0 0.0 28.1
20 P43/2 120,600 4.5 3.5 23.6 2.5 0.1 0.1 3.6 0.0 0.0 29.9
21 P44 83,700 4.5 3.7 17.5 1.9 0.1 0.0 2.7 10.3 0.0 32.4
22 P55/2 109,100 0.75 4.25 13.6 1.5 0.1 0.0 4.0 0.0 0.0 19.1
23 P63/1A ‐Ba 38,000 5 7.1 19.9 2.1 0.1 0.0 2.3 0.0 0.0 24.4
24 P64/2A 59,100 4.5 6.5 26.0 2.8 0.1 0.0 3.3 0.0 0.0 32.1
25 P64/2b‐joa 17,000 4 4.5 4.3 0.5 0.0 0.0 0.7 0.0 0.0 5.4




























1P 4 0 / 1 ‐2 59,000 5 4 27.5 2.9 0.1 0.0 4.0 7.7 16.0 58.3
2P 4 1 ‐42 80,500 4.5 3.5 29.6 3.2 0.1 0.0 4.8 7.7 16.0 61.3
3 P45 25,800 6 2.75 8.7 0.9 0.0 0.0 1.2 5.7 16.0 32.6
4P 4 6 ‐47 79,600 5 3.25 28.7 3.1 0.1 0.0 4.4 14.7 0.0 51.0
5 P48 38,100 5.8 2.7 12.2 1.3 0.0 0.0 1.8 24.6 64.0 104.0
6 P50/51 48,300 5.18 3.3 18.2 1.9 0.0 0.0 2.7 0.0 0.0 22.9
7 P52/53 40,300 4.57 4 17.7 1.9 0.0 0.0 2.8 5.1 0.0 27.6
8 P54 60,000 4.5 3.3 20.5 2.2 0.1 0.0 3.4 10.3 0.0 36.4
9 P55/1 45,800 5 2.9 14.4 1.5 0.0 0.0 2.3 28.6 0.0 46.8
10 P55/3 52,700 5 2.75 15.5 1.7 0.0 0.0 2.5 25.7 0.0 45.4
11 P55/4 30,800 5.5 4.4 17.3 1.8 0.0 0.0 2.3 25.7 0.0 47.2
12 P56/57(E) 140,000 6.5 4 78.6 8.4 0.2 0.0 9.6 0.0 160.1 256.8
13 P56/57(W) 90,000 5 3 29.4 3.1 0.1 0.0 4.6 0.0 0.0 37.2
14 P58/1 32,000 4.8 4.75 18.2 1.9 0.0 0.0 2.6 0.0 0.0 22.7
15 P58/2 28,000 4.8 4.8 16.1 1.7 0.0 0.0 2.3 0.0 32.0 52.2
16 P59/2 92,800 6 4.75 61.0 6.5 0.1 0.3 7.6 64.3 64.0 203.8
17 P59/3B 70,100 6 6 62.3 6.7 0.1 0.0 7.2 0.0 0.0 76.3
18 P59/3C 41,800 6 5.5 33.2 3.5 0.1 0.0 3.9 35.7 0.0 76.4
19 P60 44,900 7 5.75 41.8 4.5 0.1 0.0 4.4 0.0 0.0 50.7
20 P61/1 26,000 6 5 18.2 1.9 0.0 0.0 2.2 0.0 0.0 22.4
21 P61/2 45,100 6 2.5 13.6 1.5 0.0 0.0 1.9 0.0 0.0 17.0
22 P62 22,000 6 4 11.7 1.2 0.0 0.0 1.5 0.0 0.0 14.4
23 P63/1A‐Ra 20,000 6 3 7.5 0.8 0.0 0.0 1.0 0.0 0.0 9.3
24 P64/1A 54,200 5.5 3.25 20.9 2.2 0.1 0.0 3.0 32.1 38.4 96.8
25 P64/2b‐Mo 27,000 5 2.5 7.1 0.8 0.0 0.0 1.2 19.3 16.0 44.3
26 P70 29,200 6 2.5 8.8 0.9 0.0 0.0 1.3 30.0 0.0 41.0
27 P71 40,500 4.5 3.25 13.6 1.4 0.0 0.0 2.3 64.3 64.0 145.6
28 P72 61,700 5.5 5.5 46.3 4.9 0.1 0.0 5.8 75.7 128.1 260.9
29 P73/1AB 89,400 5.5 3.8 41.8 4.5 0.1 0.0 5.8 6.4 64.0 122.6





























1P 4 0 / 1 ‐2 59,000 5 4.2 29.3 3.1 0.1 0.0 4.2 7.7 16.0 60.5
2P 4 1 ‐42 80,500 4.5 4.75 43.9 4.7 0.1 0.0 6.6 7.7 16.0 78.9
3 P45 25,800 6 3 9.6 1.0 0.0 0.0 1.3 5.7 16.0 33.7
4P 4 6 ‐47 79,600 5 3.5 31.4 3.4 0.1 0.0 4.8 14.7 0.0 54.3
5 P48 38,100 5.8 3.5 16.7 1.8 0.0 0.0 2.3 24.6 64.0 109.4
6 P50/51 48,300 5.18 3.75 21.3 2.3 0.1 0.0 3.1 0.0 0.0 26.7
7 P52/53 40,300 4.57 4.5 20.7 2.2 0.0 0.0 3.1 5.1 0.0 31.2
8 P54 60,000 4.5 3.75 24.1 2.6 0.1 0.0 3.9 10.3 0.0 40.8
9 P55/1 45,800 5 3.25 16.5 1.8 0.0 0.0 2.6 28.6 0.0 49.4
10 P55/3 52,700 5 3.5 20.8 2.2 0.1 0.0 3.2 25.7 0.0 52.0
11 P55/4 30,800 5.5 5.25 21.7 2.3 0.0 0.0 2.8 25.7 0.0 52.6
12 P56/57(E) 140,000 6.5 4.75 97.2 10.4 0.2 0.0 11.4 0.0 160.1 279.2
13 P56/57(W) 90,000 5 4 42.0 4.5 0.1 0.0 6.2 0.0 0.0 52.8
14 P58/1 32,000 4.8 6.5 27.7 3.0 0.0 0.0 3.6 0.0 0.0 34.3
15 P58/2 28,000 4.8 5.75 20.5 2.2 0.0 0.0 2.8 0.0 32.0 57.5
16 P59/2 92,800 6 5.5 73.6 7.9 0.1 0.3 8.7 64.3 64.0 218.9
17 P59/3B 70,100 6 7.5 84.1 9.0 0.1 0.0 9.0 0.0 0.0 102.2
18 P59/3C 41,800 6 8 54.8 5.8 0.1 0.0 5.7 35.7 0.0 102.1
19 P60 44,900 7 8 64.5 6.9 0.1 0.0 6.2 0.0 0.0 77.6
20 P61/1 26,000 6 7.9 33.5 3.6 0.0 0.0 3.5 0.0 0.0 40.6
21 P61/2 45,100 6 8 59.1 6.3 0.1 0.0 6.2 0.0 0.0 71.7
22 P62 22,000 6 7 24.0 2.6 0.0 0.0 2.6 0.0 0.0 29.3
23 P63/1A‐Ra 20,000 6 6 17.8 1.9 0.0 0.0 2.1 0.0 0.0 21.8
24 P64/1A 54,200 5.5 7.75 64.7 6.9 0.1 0.0 7.2 32.1 38.4 149.4
25 P64/2b‐Mo 27,000 5 5 16.8 1.8 0.0 0.0 2.3 9.6 16.0 46.6
26 P64/2b‐Uj 22,000 4 5 12.0 1.3 0.0 0.0 1.9 9.6 9.6 34.4
27 P66/3 36,600 6 2 8.5 0.9 0.0 0.0 1.3 0.0 0.0 10.7
28 P69 29,000 6 2.75 9.8 1.0 0.0 0.0 1.4 18.0 0.0 30.2
29 P70 29,200 6 3.25 12.0 1.3 0.0 0.0 1.6 30.0 0.0 44.9
30 P71 40,500 4.5 5.75 28.6 3.0 0.0 0.0 4.0 64.3 64.0 164.0
31 P72 61,700 5.5 7 64.0 6.8 0.1 0.0 7.4 75.7 128.1 282.1
32 P73/1 89,400 5.5 5 59.2 6.3 0.1 0.0 7.7 6.4 64.0 143.7
33 P73/2 47,600 5 4.5 25.8 2.8 0.1 0.0 3.7 32.1 0.0 64.5
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Cost (million US$)